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Abstract. In this study, the residual strain was evaluated for human saphenous vein. Rings of 
the vein from four donors (two male and two female; age 62±5 years) were radially cut to 
obtain the opening angle (α) of the tissue. It was found that the average opening angle is 
45°±18° (mean±SD). Then, the intraluminal distribution of circumferential stress was 
computed for one donor in order to verify the uniform stress hypothesis (opening angle is 
homogenizing the stress distribution across the wall thickness). The results suggests that α
obtained from experiments is close to the value of opening angle which homogenizes the 
stress distribution across the wall thickness determined from simulations.
1 INTRODUCTION 
The zero-stress state of a blood vessel is the state at which the vessel is stress-free 
everywhere. Before 1983 it had been assumed that blood vessels were in their zero-stress state 
when free of external loads, such as at zero blood pressure and zero axial forces. Calculations 
based on this assumption showed that, under physiological conditions, the blood creates a 
tensile circumferential stress, which varies from a maximum at the inside of the vessel wall to 
a minimum at its outer margin [1]. Vaishnav and Vossoughi [2] and later Fung [3] showed, 
that the arterial ring cut radially spring open into circular segment. The existence of residual 
stress and strain in the blood vessel wall has been recognized by these authors. The 
circumferential residual strain is traditionally characterized by the opening angle (α), Fig. 1. 
The existence of residual strain was explained by the uniform stress hypothesis [4, 5]. Here 
the circumferential residual strain causes that the inner wall is under compression in the load 
free configuration. This degreases the differences in stress at inner and outer radius when the 
intraluminal pressure is applied. The uniform stress hypothesis says that the optimal opening 
angle is homogenizing the stresses through the blood vessel wall for physiological loading. 
The aim of this study was to identify the opening angle of human saphenous vein and to 
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evaluate the residual strain effect on the stress distribution within the vein wall. 
2 MATERIAL AND METHODS 
2.1 Material 
Four samples of healthy human saphenous veins (two male and two female; age 62±5 
years) were excised during autopsies conducted at the Department of Forensic Medicine of 
the Third Faculty of Medicine of Charles University in Prague within 24 hours after death. 
The experimental protocol was approved by the Ethics Committee. Collected veins were 
placed in the physiological solution and tested in five hours after excision. Surrounding 
connective tissue and fat were removed from the material before testing. Only the veins with 
no substantial deviation from circular cylindrical geometry were included into the study.  
2.2 Opening angle measurement 
Three rings were cut from each sample and placed in the physiological solution. The rings 
were then cut radially and left to release the residual stresses for 30 minutes. The opening 
angle was measured from photographs, Fig. 1. 
Figure 1: Ring of saphenous vein before radial cut and after 30 minutes with released residual stresses. 
2.3 Kinematics 
The mathematical derivation to describe the pressurization of thick-walled, closed-end 
cylinder with homogeneous hyperelastic anisotropic and incompressible material properties is 
classic and can be found elsewhere (e.g. [6]). It is briefly mentioned below for saphenous vein 
segment pressurized with close end and free axial extension. 
In cylindrical coordinates, let a material particle located at (R, Θ, Z) in the undeformed 
configuration be mapped to (r, θ, z) in the deformed vessel such that r = r(R), θ =π/(π-α) Θ,
and z = λzZ.   
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When circumferential residual stress is taken into account through the opening angle α
(Fig. 2), the circumferential stretch ratio becomes λθ = (π/(π-α))r/R. Here R is defined by 
equation (1). In (1) Ri is the inner radius of the unpressurized open vein [7].  
( )2 2 2z i iR r r Rpi λpi α= − +− (1)
Figure 2: The deformation kinematics of the vein wall. The reference (stress free), unpressurized (load free) and 
pressurized (loaded) configuration are depicted. 
2.4 Constitutive equations 
The material of venous wall was considered to be an anisotropic hyperelastic continuum 
characterized by the strain energy density function W proposed by Holzapfel et al. [8]. The 
strain energy density function is expressed by equation (2). 
( ) ( )( )22 4 111
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In (2) µ and k1 are stress-like parameters, k2 is dimensionless parameter. I1 is the first invariant 
of the right Cauchy- Green strain tensor and I4 is additional invariant arising from material 
anisotropy and has the meaning of square of the stretch in preferred (fiber) direction. I1 and I4
are defined in (3) and (4). 
2 2 2
1 r zI θλ λ λ= + + (3)
2 2 2 2
4 cos sinzI θλ β λ β= + (4)
In (4) β defines preferred direction within the material measured from circumferential axis of 
the tube in stress-free configuration of the vein.  
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2.5 Constitutive equations 
It can be demonstrated that the equilibrium equations relating the material response to the 
global loads with substituted constitutive equations are expressed via (5) and (6). Here Ŵ is 
the strain energy density function (2) with eliminated explicit dependence on λr substituting 
λr = 1/(λθλz), P denotes internal pressure and Fred is the reduced axial force (prestretching) 
acting additionally to the force generated by the pressure pushing on the end of the tube [6].  
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2.6 Stress distribution across the wall 
The uniform stress hypothesis was verified for one representative donor (M67). We 
computed the intramural distribution of the circumferential (σθθ) stress defined in (7) for 
opening angles α = 10°, α = 20°, α = 30°, α = 40° and α = 50°. Computation was performed 
for pressure P = 12 kPa, which is close to the pressure in great saphenous vein in standing 
position measured by Pollack and Wood [9] and Neglén and Raju [10]. Average material 
parameters for inflated saphenous vein were adopted from Vesely et al. [11] in this simulation 
(µ = 8.5 kPa, k1 = 5.4 kPa, k2 = 52.6, β = 0.717).  
ˆ ˆ
,
o
i
r
rr ii i rr
ir
W W
rdr i zθ
θ
σ λ σ λ σ θλ λ
∂ ∂
= − = + =
∂ ∂∫ (7)
3 RESULTS 
The measured opening angle, reference dimensions of the rings of vein and age of donors 
are listed in Table 1. The influence of opening angle on the stress distribution through the 
saphenous vein wall for pressure P = 12 kPa are depicted in Fig. 3. 
Table 1: Sex (F – female, M – male) and age of donors, reference outer radius (Ro), thickness (H) and 
measured opening angle (α) of samples. 
Donor Sex Age [years] Ro [mm] H [mm] α [°] 
1 F 55 1.66 0.48 53±5 
2 F 60 2.02 0.73 34±9 
3 M 67 1.71 0.69 57±26 
4 M 65 1.50 0.59 34±3 
mean - 62±5 1.72±0.22 0.62±0.11 45±18 
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Figure 3: The computed circumferential stress distribution across the vein wall for pressure P = 12 kPa (donor 
M67) for different opening angles. 
4 DISCUSION AND CONCLUSIONS 
The opening angle α for human saphenous vein was measured in this study. The average 
opening angle for four donors was 45°±18° (mean±SD), Table 1. Zhao et al. [12] examined 
the biomechanical properties of human saphenous veins at supra-physiologic pressures using 
the distension experiment and were able to measure the zero-stress state of vein tissue. They 
observed the residual opening angle around 120°. Similar results (opening angle from 90° to 
130°) were obtained by Huang and Yen [1] for human pulmonary vein segments with 
diameter comparable to saphenous veins. The differences in results could be caused by 
variability between donors included into study. 
The intraluminal distribution of circumferential stress was computed for one donor with 
material parameters adopted from the work of Vesely et al. [11]. According to the uniform 
stress hypothesis (opening angle is homogenizing the stress distribution across the wall 
thickness), we could expect the optimal opening angle in the range from 30° to 40°, Fig. 3. 
This value is close to our residual strain measurement. However, adopted material parameters 
used in the simulation were determined assuming that veins are in stress-free configuration in 
their cylindrical geometry (see [11]). This is the most important limitation of our study.  
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